It is increasingly accepted that alterations of the early life environment may have lasting impacts on physiological functions. In particular, epidemiological and animal studies have indicated that changes in growth and nutrition during childhood and adolescence can impair reproductive function. However, the precise biological mechanisms that underlie these programming effects of neonatal nutrition on reproduction are still poorly understood. Here, we used a mouse model of divergent litter size to investigate the effects of early postnatal overnutrition and undernutrition on the maturation of hypothalamic circuits involved in reproductive function. Neonatally undernourished females display attenuated postnatal growth associated with delayed puberty and defective development of axonal projections from the arcuate nucleus to the preoptic region. These alterations persist into adulthood and specifically affect the organization of neural projections containing kisspeptin, a key neuropeptide involved in pubertal activation and fertility. Neonatal overfeeding also perturbs the development of neural projections from the arcuate nucleus to the preoptic region, but it does not result in alterations in kisspeptin projections. These studies indicate that alterations in the early nutritional environment cause lasting and deleterious effects on the organization of neural circuits involved in the control of reproduction, and that these changes are associated with lifelong functional perturbations.
Introduction
A large body of epidemiological and animal studies indicates that adverse early environments, including changes of the intrauterine and early postnatal nutritional environments, may alter physiological processes and cause pathological conditions. For example, both neonatal overfeeding and underfeeding predispose individuals to develop obesity and diabetes (MartinGronert and Ozanne, 2005; Levin, 2006; Plagemann, 2006; Godfrey et al., 2010; Sullivan and Grove, 2010) . Research in humans and a variety of animal models also support a link between early life nutrition and optimal reproductive function (Wade et al., 1996; Hileman et al., 2000; Ahima, 2004; FernandezFernandez et al., 2006) . Undernutrition caused by anorexia or calorie restriction delays the onset of puberty in humans (Kennedy and Mitra, 1963; Foster and Olster, 1985) , disrupts estrous cycles, and delays the postpartum return to estrus in sexually mature animals (Wade et al., 1996) . Childhood obesity and neonatal overfeeding have also generated considerable concern in recent decades (Ebbeling et al., 2002) . Remarkably, obese individuals share a phenotype similar to that of calorie-restricted individuals, i.e., a variety of alterations in the reproductive axis, including decreased fertility (Bray, 1997; Brewer and Balen, 2010) . However, in contrast to undernutrition, which causes delayed puberty, childhood obesity induces precocious puberty in girls (Wyshak and Frisch, 1982; Herman-Giddens et al., 1997; Biro et al., 2006; Ong et al., 2006; Kaplowitz, 2006; Euling et al., 2008; Burt Solorzano and McCartney, 2010; Walvoord, 2010) .
The onset of puberty and the regulation of fertility are primarily governed by a complex neural network in the hypothalamus. The key components of this network include neurons that produce gonadotropin-releasing hormone (GnRH) and kisspeptin (Hill et al., 2008; Clarkson et al., 2010; Lehman et al., 2010) . Proper activation of each of these neuronal systems is required for the onset of puberty and normal regulation of the hypothalamic-pituitary-gonadal (HPG) axis (Mason et al., 1986; de Roux et al., 2003; Seminara et al., 2003; Gottsch et al., 2004; Clarkson et al., 2008; Herbison et al., 2008; Mayer and Boehm, 2011) . GnRH neurons are located in the preoptic region of the hypothalamus in rodents, and they send extensive projections to the median eminence, releasing their neurohormone into the portal vasculature and stimulating the secretion of gonadotropin hormones to initiate puberty and support fertility (Herbison, 2006; Ojeda and Skinner, 2006) . Kisspeptin neurons also comprise an important hypothalamic neural system involved in the neural control of gonadotropin secretion. Kisspeptin is expressed by two distinct populations of neurons located in the anteroventral periventricular nucleus (AVPV) and the arcuate nucleus of the hypothalamus (ARH) (Gottsch et al., 2004; Clarkson and Herbison, 2006; d'Anglemont de Tassigny et al., 2007; Lehman et al., 2010; Cravo et al., 2011; Mayer and Boehm, 2011) . Each of these neuronal populations projects to hypothalamic regions triggering puberty and ovulation, such as the median preoptic nucleus (MEPO), as well as directly to GnRH neurons (Clarkson and Herbison, 2006; Yeo and Herbison, 2011) . Importantly, the hypothalamus also contains neurons that have the ability to sense and alter their activity in response to fluctuations in food and nutrient availability (Elmquist et al., 2005; Hill et al., 2008) .
Although early life nutrition appears to be an important determinant for optimal mammalian reproduction, the precise neurobiological mechanisms that contribute to this effect are poorly understood. In the present study, we used a well established divergent litter size mouse model of postnatal overnutrition and undernutrition to determine whether changes in growth and nutrition during this critical developmental period influence puberty and later fertility through changes in the organization of hypothalamic circuits involved in reproduction.
Materials and Methods
Animals. Offspring of FVB mice (Charles River), produced in our mouse colony, were used in these studies. To manipulate preweaning nutrition, litter size was manipulated beginning on P4 by randomly distributing pups among mothers such that large litters (LL; underfed) had 15 pups (7 males and 8 females or 8 males and 7 females), normal litters had 8 pups (NL; 4 males and 4 females), and small litters (overfed) had 3 pups (SL; 2 males and 1 female or 1 male and 2 females). Animals used for adult studies were housed four per cage and given access to chow and water ad libitum after weaning (P21). Animal usage was in compliance with and approved by the Institutional Animal Care and Use Committee of the Saban Research Institute of Children's Hospital of Los Angeles and by the INSERM guidelines for the Care and Use of laboratory animals. The animals and experiments used in this study were also in accordance with the European Communities Council Directive of November 24th, 1986 (86/609/EEC) regarding mammalian research. In all experiments, each group consisted of offspring from at least four litters.
Reproductive phenotyping. Body weight was measured with an analytical balance every 2 d from P4 to P21 (weaning) and weekly from P21 through P60. Starting on P21, mice were inspected daily for imperforation of the vaginal membrane ("vaginal opening," VO). Thereafter, vaginal smears were examined daily to detect the first ovulation (used as a marker of puberty onset), as described previously (Nelson et al., 1990; Prevot et al., 2005) . Uterine weight was also measured in P24 and P27 female mice. Adult breeding capacities were evaluated by mating adult females with a control stud male and recording the number of litters per month (fertility index).
Ovariectomy and hormone assay. Briefly, P24 mice were deeply anesthetized with an intraperitoneal injection of ketamine and xylazine and the ovaries were aseptically removed. Mice were killed 96 h later and serum luteinizing hormone (LH) levels were measured by ELISA (Rodent LH kit, Endocrine Technologies). The rationale for ovariectomizing mice at P24 was to assess the function of the hypothalamic-pituitary unit near the time of puberty.
Neuroanatomical studies. At P16, animals from each group were perfused through the heart with a 4% paraformaldehyde solution and the brains were processed for DiI axonal labeling of ARH and AVPV neurons as described previously (Bouret et al., 2004a (Bouret et al., , 2008 Polston and Simerly, 2006) . Briefly, an insect pin was used to place a small crystal of DiI (1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate; Invitrogen) (10 -25 m in diameter) into the ARH or AVPV of each brain, under visual guidance. After 1 week (for AVPV implants) or 4 weeks (for ARH implants) of incubation at 37°C, sections were collected from each brain through the hypothalamus and evaluated with both conventional fluorescence and confocal microscopy. It was determined through pilot studies that a 1 week incubation period was sufficient for maximal labeling of AVPV3 MEPO projections, and that a 4 week incubation period was sufficient for maximal labeling of ARH3 MEPO projections.
Immunohistochemistry was also used to determine whether manipulating postnatal nutrition resulted in long-term effects on the pattern of kisspeptin projections. Briefly, anesthetized P32, P37, and P60 (adult) diestrous female mice were perfused transcardially with 4% paraformaldehyde, the brains were frozen and sectioned at a thickness of 30 m, and the samples were processed for immunofluorescence as described previously (Bouret et al., 2004b) . Briefly, sections were incubated with a rabbit anti-kisspeptin (1:5000; Dr. A. Caraty, INRA-Tours, Nouzilly, France) and a guinea-pig anti-neurokinin B (NKB, 1:3000; Dr. Philippe Ciofi, INSERM, Bordeaux, France) (Ciofi et al., 2006) , and the primary antibodies were localized with a biotinylated goat anti-rabbit IgG (1:500, Vector Laboratories) and an Alexa Fluor 568 goat anti-guinea pig (1:200, Invitrogen). Tyramide signal amplification was accomplished by placing the sections in an avidin-biotin solution (Vectastain) for 1 h, followed by incubation in tyramide signal amplification solution for 20 min according to the manufacturer's instruction (TSA-Indirect kit, New England Nuclear Life Science). Deposited biotin was detected with Alexa 488-conjugated streptavidin (1:500, Invitrogen). Another series of sections was incubated with a rabbit anti-GnRH (1:3000; Dr. Gérard Tramu, University of Bordeaux, Bordeaux, France) and the primary antibodies were localized with an Alexa Fluor 568 goat anti-rabbit (1:200, Invitrogen). Sections were counterstained with bis-benzamide (1:10,000, Invitrogen) to visualize cell nuclei and coverslipped with buffered glycerol (pH 8.5).
Quantitative analysis of fiber density. For quantification, 4 -6 animals per experiment were analyzed. A series of 20 adjacent optical sections was collected at 1 m intervals through the MEPO (2 sections/animal) and paraventricular nucleus (PVH; 2 sections/animal) of animals from each group, by using a Zeiss LSM 710 confocal system equipped with a 20ϫ objective. The nomenclature used in this study corresponds to that described in the rat brain atlas of Swanson (Swanson, 1992) . Only MEPO sections throughout Figures 28 -29 of the Franklin and Paxinos (2008) mouse brain atlas were analyzed. Image analysis was performed using the ImageJ image analysis software (NIH) (Bouret et al., 2004a (Bouret et al., ,b, 2008 . Briefly, each image plane was binarized to isolate labeled fibers from the background and to compensate for differences in fluorescence intensity. The integrated intensity was then calculated for each image, which reflects the total number of pixels in the binarized image and is proportional to the total length of labeled fibers in the image. This procedure was performed on each image plane in the stack, and the values for all image planes in a stack were summed. Three categories of labeled fibers were quantified: (1) relative density of kisspeptin-immunoreactive (IR) fibers; (2) relative density of NKB-IR fibers; (3) relative density of doubly labeled kisspeptinϩNKB fibers.
Statistical analysis. Statistical analysis was performed using GraphPad PRISM (version 5.0a). Statistical significance was determined using an unpaired Student's t test. Body weights were compared between groups by two-way ANOVA followed by the Student Newman-Keuls multiple range test, with postnatal diet and age as factors. A p value Ͻ0.05 was considered statistically significant.
Results

Importance of postnatal nutrition for growth and reproductive functions
To manipulate nutrition specifically during postnatal (preweaning) life, we used a divergent litter size mouse model of perinatal overnutrition and undernutrition. In our mouse model, litter size was manipulated beginning on postnatal day 4 (P4) by randomly distributing pups among mothers such that LL (underfed) had 15 pups, NL (normal fed) had 8 pups, and SL (overfed) had 3 pups. Litter size manipulation was associated with changes in growth as revealed by a significant decrease and increase in the preweaning body weight curves of underfed and overfed animals, respectively, compared with normal fed mice (Fig. 1) . As early as P10, overfed females displayed heavier body weights compared with control animals, and these changes in body weight persisted into adulthood (Fig. 1) (ANOVA, main factor "postnatal diet," F ϭ 159.2, df ϭ 9, p Ͻ 0.05). In contrast, neonatally underfed females exhibited a lighter body weight as early as P8 and this change in body weight persisted at weaning and into adulthood ( Fig. 1) (ANOVA, main factor "postnatal diet," F ϭ 63.1, df ϭ 3, p Ͻ 0.05).
The onset of puberty, which is typically defined as the time of VO and first estrus, was delayed in neonatally undernourished mice (Fig. 2 A-C) . Whereas VO occurred at 28.5 Ϯ 0.3 d in normal nourished mice, it was observed at 31.8 Ϯ 0.4 d in neonatally underfed mice (Fig. 2 A) (t ϭ 3.023, df ϭ 6, p Ͻ 0.05). Similarly, the mean age of first vaginal estrus was 32.4 Ϯ 0.4 d in normal fed mice compared with 38.5 Ϯ 0.6 d in neonatally underfed mice (Fig. 2 B) (t ϭ 3.945, df ϭ 6, p Ͻ 0.05). In contrast, no significant differences in either the day of VO or the day of first estrus were observed between normally fed animals and neonatally overfed mice (Fig. 2 A, B) .
Uterine weight is a reliable physiological index of estrogen secretion (Ojeda and Skinner, 2006) . To determine whether ovarian estrogen output was influenced by neonatal nutrition, we measured uterine weight in peripubertal (P24) females raised in small, normal, and large litters. Undernourished P24 females displayed a smaller uterine weight compared with SL and NL control mice (Fig. 2 D) (t ϭ 3.723, df ϭ 6, p Ͻ 0.05).
Not only did changes in neonatal nutrition affect the onset of puberty, they also had long-term effects on later reproductive capability and fertility. Animals raised in large litters displayed a reduced fertility index, as evaluated by the number of litters per month (Fig. 2 E) (t ϭ 4.237, df ϭ 6, p Ͻ 0.05). Notably, fertility index was also reduced in adult females raised in small litters (Fig. 2 E) (t ϭ 2.673, df ϭ 7, p Ͻ 0.05), indicating that both postnatal undernutrition and overnutrition reduced adult reproductive performance.
Neonatal nutrition perturbs the LH response to ovariectomy
In normal animals, ovariectomy relieves the hypothalamicpituitary unit of steroid-dependent inhibitory feedback control, causing an increase in circulating levels of pituitary gonadotropins, including LH (Grumbach and Styne, 1998; Ojeda and Skinner, 2006) . To evaluate the function of the hypothalamicpituitary-gonadal axis, we examined the effects of ovariectomy on LH secretion in SL, NL, and LL mice. Because puberty is delayed in LL animals, we performed this experiment in juvenile (P24) mice in an attempt to detect a central defect in gonadotropin secretion near the time of puberty. As previously reported (Prevot et al., 2005) , ovariectomy increased LH levels in control (NL) juvenile females (Fig. 2 F) (t ϭ 6.228, df ϭ 2, p Ͻ 0.05). LH levels were similar between ovariectomy (OVX) SL and OVX NL mice (Fig. 2 F) . In contrast, the LH response to ovariectomy was markedly attenuated in the LL animals ( Fig. 2 F) (t ϭ 3.869, df ϭ 5, p Ͻ 0.05), indicating that the ability of the GnRH neuronal network to increase its secretory output in response to the loss of ovary-dependent inhibitory control is disrupted in these animals.
Change in neonatal nutrition causes nucleus-specific structural alterations in kisspeptin circuits
Because kisspeptin neurons have been reported to play a central role in pubertal activation (de Roux et al., 2003; Seminara et al., 2003) , and because kisspeptin neural circuits develop gradually during the first 2-5 weeks of postnatal life (Clarkson and Herbison, 2006) , we next investigated whether neonatal nutritional manipulations impact development of kisspeptin neural projections by performing immunohistochemical labeling of kisspeptin, paying particular attention to projections to the MEPO, a key 
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), and kisspeptinϩNKB-(G, J ) immunoreactive fibers in the MEPO of P32 (E-G) and adult (H-J ) diestrous females raised in SL, NL, and LL as well as in P37 diestrous females raised in LL (E-G). V3, Third ventricle. p Ͻ 0.05, a vs b; n ϭ 4 -6 from 4 litters. region involved in reproductive function, and which contains GnRH neurons. We chose to study kisspeptin projections in females at P32, which is an age when projections of the ARH and AVPV are fully developed (Bouret et al., 2004a; Polston and Simerly, 2006) , and when GnRH neurons start to receive projections from kisspeptin neurons and express high levels of the kisspeptin receptor GPR54 (Clarkson and Herbison, 2006; Herbison et al., 2010) . We also only studied mice in diestrus to avoid hormonal influences. The density of kisspeptin-IR fibers in the MEPO of undernourished mice at P32 was reduced threefold compared with that observed in control mice (Fig. 3 A, E) (t ϭ 6.447, df ϭ 4, p Ͻ 0.05). As observed at P32, the average density of kisspeptin-IR fibers in the MEPO remained diminished in P37 and adult LL mice relative to control mice (Fig. 3 E, H ) (t ϭ 5.590, df ϭ 6, p Ͻ 0.05). Similarly, underfed neonates also displayed a twofold reduction in the density of kisspeptin-IR fibers in the PVH compared with control pups (Fig. 4) (t ϭ 2.753, df ϭ 6, p Ͻ 0.05). Conversely, the density of kisspeptin-IR in the MEPO was not different between SL and NL animals ( Fig. 3 A, E,H ) . Also, the distribution pattern of kisspeptin-labeled fibers in the hypothalamus was similar between animals raised in small, normal, and large litters, suggesting that neonatal nutrition alters the density of these fibers but not their pattern of innervation.
Two main populations of kisspeptin neurons exist in the mammalian brain: one located in the ARH and another located more rostrally in the AVPV (Gottsch et al., 2004; Clarkson et al., 2009) . To determine which neuronal population is likely to be affected by changes in postnatal nutrition, we next used DiI axonal labeling to study ARH and AVPV neural projections in animals raised in small, normal, and large litters. P16 mice were used in this study, because it is when ARH3 AVPV projections are established (Bouret et al., 2004a) . The density of ARH DiIlabeled fibers in the MEPO of undernourished mice at P16 was 4.6-fold decreased compared with that observed in control mice (Fig. 5 A, C) (t ϭ 4.820, df ϭ 3, p Ͻ 0.05). Similarly, overfed neonates also displayed a 1.8-fold reduction in the density of ARH DiI-labeled fibers in the MEPO compared with control pups (Fig. 5 A, C) (t ϭ 4.261, df ϭ 7, p Ͻ 0.05). However, AVPV3 MEPO neural projections appeared to be normal in both SL and LL pups (Fig. 5 B, D) . Because kisspeptin neurons that express NKB are restricted to kisspeptin-containing neurons of the ARH (Goodman et al., 2007) , NKB-IR fibers can also serve as a marker for projections from ARH kisspeptin neurons (Fig. 3D) . As for the axonal labeling study in neonates, the density of ARH NKB-IR fibers found in the MEPO of undernourished females was decreased by twofold compared with that of control mice (Fig. 3B,F,I ) (t ϭ 2.586, df ϭ 7, p Ͻ 0.05). Moreover, the density of kisspeptinϩNKB doubly labeled fibers was reduced by threefold in the MEPO of P32 LL mice compared with NL animals (Fig. 3C,G,J) (t ϭ 7.996, df ϭ 6, p Ͻ 0.05). Notably, SL animals also displayed a 1.5-fold reduction in the density of NKB-IR fibers in the MEPO compared with NL animals (Fig. 3C,F,I ) (t ϭ 2.716, df ϭ 6, p Ͻ 0.05), but the density of kisspeptinϩNKB doubly labeled fibers was comparable between neonatally overfed and control females (Fig.  3G,J) . Together with our axonal labeling experiments, these immunohistochemical findings suggest that ARH neural projections are more affected by postnatal undernutrition compared with AVPV projections.
To determine whether neonatal nutrition influences the development of other reproduction-related circuits, we also examined neural projections containing GnRH. Immunohistochemical analysis revealed that this pathway is unaffected by neonatal nutrition, as the density of GnRH-IR fibers in the median eminence, the major projection site for GnRH neurons, was similar in SL, NL, and LL mice (Fig. 6) . Together, these observations suggest that alterations in neonatal nutrition do not lead to widespread disruption of hypothalamic circuitries involved in reproduction but specifically affect the development of ARH kisspeptin projections.
Discussion
It is generally accepted that food availability is the most important factor influencing mammalian reproduction. However, an association between alterations in neonatal nutrition and the development of brain circuits responsible for the regulation of puberty and fertility has never been examined. The neuroanatomical experiments presented here indicate that pups that have been undernourished during early postnatal life display a reduction in the density of kisspeptin-IR fibers compared with normally fed animals. The hypothalamic kisspeptin system has been suggested to play a major role in pubertal activation (de Roux et al., 2003; Seminara et al., 2003) . Importantly, the effect of neonatal undernutrition on kisspeptin projections is persistent, and not just a delay. Some of the most severely affected projections were those projecting to the MEPO, a hypothalamic region that contains most of the kisspeptin receptor-expressing GnRH neurons Hanchate et al., 2012) . In particular, the low densities of kisspeptin-IR fibers observed in the MEPO of undernourished females seem to reflect a reduction in the density of kisspeptin projections originating from ARH neurons. Consistent with this idea, our axonal labeling experiments indicate that ARH3 MEPO projections are reduced in undernourished animals, while AVPV3 MEPO projections are unaltered in neonatally undernourished animals. In addition, both NKBϪ and NKBϩkisspeptin-containing projections are reduced in undernourished pups. These results indicate that ARH circuits regulating reproduction are highly plastic and develop in response to food availability, whereas AVPV projections do not appear to be markedly influenced by postnatal nutrition. The fact that AVPV3 MEPO projections are not affected by postnatal nutrition is not surprising considering that these neural projections develop primarily during intrauterine life and are fully developed before birth (Polston and Simerly, 2006) . Moreover, we did not observe any major alterations in the density of GnRH neural projections and these projections also develop during prenatal life (Wu et al., 1997) . These results suggest that exposure to environmental nutritional insults is most likely to cause more profound adverse organizational effects when the exposure occurs during development of the nucleus controlling the specific physiological process that is affected. In addition to adversely affecting the organization of neural circuits that ultimately control reproduction, perinatal nutrition also influences other regulatory processes, such as mRNA expression of key neuropeptides involved in reproductive function. For example, a recent study using a similar divergent litter size model showed that rats raised in large litters displayed reduced levels of Kiss1 mRNA in the hypothalamus (Castellano et al., 2011) . Notably, in agreement with our findings, this study also found that postnatal underfeeding caused a reduction in uterus weight and a delayed vaginal opening (Castellano et al., 2011) . Similar to postnatal undernutrition, intrauterine undernutrition, induced by maternal caloric restriction during pregnancy, results in a reduction in hypothalamic Kiss1 mRNA expression in the female offspring (Iwasa et al., 2010) . Remarkably, these changes in gene expression were observed as early as P16 and persisted throughout life. A reduction in Gnrh mRNA expression has also been reported in the hypothalamus of animals born to undernourished dams (Iwasa et al., 2010) . These alterations in gene expression were also associated with perturbations in the timing of vaginal opening. Together, these findings suggest that, in addition to postnatal nutrition, nutrition during pregnancy is also an important determinant for postnatal hypothalamic regulation and subsequent function. We cannot exclude in our studies that changes in kisspeptin and/or NKB immunostaining observed in the MEPO of LL mice are not due to alterations in peptide synthesis, transport, or release. However, the observation that DiI-containing projections also appear affected in LL mice support the hypothesis that the low density of kisspeptin-immunoreactive fibers observed in LL mice is due to alterations in axon density as opposed to a reduction in peptide content in axons. Moreover, it remains possible that the development of other non-ARH kisspeptin projections, such as those from the periventricular preoptic nucleus to the MEPO, is also affected by changes in neonatal nutrition.
The physiological and structural alterations induced by neonatal nutrition do not seem to be restricted to neural systems related to reproduction. Rather, the effects of neonatal nutrition appear to be more global and to target a variety of neural pathways sensitive to feeding cues. For example, we recently found that postnatal overfeeding and underfeeding disrupt the normal development of hypothalamic neural circuits involved in appetite regulation (Bouret et al., 2007) , with long-term consequences for energy balance regulation (Bouret et al., 2007) . Hormonal resistance and increased susceptibility to diet-induced obesity have also been reported in neonatally overfed animals (Glavas et al., 2010) . It is well known that the adipocyte-derived hormone leptin reflects the amount of energy stored in adipose tissue (Ahima and Flier, 2000) . Notably, we recently found that leptin levels are influenced by postnatal nutrition. Overfed neonates displayed markedly elevated serum levels of leptin, whereas postnatal leptin levels were blunted in the mice from undernourished litters (Bouret et al., 2007) . Interestingly, leptin appears to be a major signal for the initiation of puberty and is capable of accelerating the onset of puberty (Ahima et al., 1997) . Whether leptin acts directly on arcuate kisspeptin neurons to mediate its regulatory action on the GnRH system remains controversial (Leshan et al., 2009; Donato et al., 2011; Gottsch et al., 2011; Louis et al., 2011) . Nevertheless, data indicated that during early postnatal life this hormone also plays a developmental role on neural projections from the arcuate nucleus of the hypothalamus (Bouret et al., 2004b) . Because hypothalamic neural circuits involved in reproductive function, including the kisspeptinergic system, develop primarily during the first 3 weeks of postnatal life (Bouret et al., 2004a; Clarkson and Herbison, 2006) , it is possible that the reduced leptin levels documented in undernourished pups may underlie the observed perturbations in ARH kisspeptin projections.
Our anatomical analysis indicates that the structural effects of undernutrition are more profound than those of overfeeding. For example, the density of kisspeptin-IR fibers in the MEPO were markedly reduced in postnatally undernourished animals but not significantly affected in overnourished females. In addition, neonatally undernourished animals show a delayed puberty onset, whereas neonatally overnourished females do not exhibit obvious pubertal alterations. Notably, in undernourished mice, the retarded puberty is associated with a marked impairment of the peripubertal GnRH/LH system to respond to ovariectomy. These data suggest that the juvenile restraint of GnRH release, which has recently been shown to require estrogen receptor ␣ signaling in kisspeptin neurons located in the ARH (Mayer et al., 2010) , may be ill developed in these animals. This hypothesis is supported with our morphological data showing that ARH3 MEPO projections and the density of NKBϩkisspeptin-containing fibers in the MEPO are markedly reduced in undernourished mice. Altogether, these results are also in good agreement with human studies showing that anorexia or calorie restriction in girls delays puberty. Although overnutrition does not profoundly influence the onset of puberty, it has ultimately deleterious effects on adult reproductive functions. Our animal study shows that neonatally overnourished females have a reduced reproductive performance during adulthood, as shown by a reduction in the number of litters per month. Epidemiological data further support these findings and indicate that obese women are also less fertile (Norman and Clark, 1998) . Because NKB plays a fundamental role in normal reproductive function (Rance et al., 2010) , the reduction in NKB-IR fibers observed in the MEPO of adult SL mice likely contributes to the defective reproductive performance observed in these animals.
